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TECHNICAL NOTE _TO. 135_

COMPA/_ IS ON OF SOUND EMISSION FROM T_,[(_-BI_.DE_FCUP_-BLADE ,

A_ SEVEN-BIADE PROPEI/2RS

By Chester _,_.Hicks and Harvey H. Hubbard

SL%9_ARY

Measureme, nts of sound pressures for static conditions 8re pre-

sented for two-blade, four-blade, mud seven-blade propellers in the

tip Mach number range 0. 3 to 0.9. The experimental results were

found to check satisfactorily with those calculated by means of

Cutlnrs formula for the whole Mech number range _n the case of the

two-blade propeller. Go<_d sgreement was obtained in the case of the

seven-blade proT_eller for Mach numbers above 0.5, but large dis-

crepancies were found to exist in the _ch numbel _ r_nge below 0.5.

Vortex noise is a l_J'ge _'art of the total noise at low tip Mach

numbers, especially for _ltlblade propellers, and therefore Gutin's

formula _s _.naccu?ate for these conditions. Despite the discrepancies

noted, _n appreciable sound-pressure red_ction may be realized by

chan_ing from s t_z(-blade propeller to a sever_-blade propeller for

comparable operating conditions.

Tests comI,leted of 9 two-blade propellers having different

solidity !ndicete that solidity has very little _f shy effect on

sound-p_essure emission of two-blade propellers. At a fixed-p_tch

setting the sound-_ntensity levels expressed in decibels are

ap_,roxlmately a linear function of tip Speed for the test Mach numb_

_'ange for all propellers tested.

Gutln's formula for the calculation of sound ;ressures from an

_!r_laue _'epeller has been sSml_lified for use in engineering work

by conversion from metric to British Engineeringunits. A sample

problem illustrating the use ef Gutin's formula is included.

Measured snd calculated res_lts for several propellers are compared.

For the ssme tip speed and power sbsorbed, a seven-blade pro-

peller is only slightly less loud than a two-blade %_opeller at

_istances gre_ter than 400 feet even though the difference _n

sound pressures _s large. For the same tip speed and power absorbe_

small reduction in loudness may be realized bF increasing the

diameter and, hence, decreasing the frequency of the emitted sound.

Two sample calculations illustrating the Fletcher_-Munson method
of loudness evaluation a_e included.
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INTRODUCTION

Muchinterest has been shownrecently in the oroblem of no_se
reduction of light airldanes. Theodorsen stud !_e_ier (reference i)
concluded that propeller no_se for corm_Jon]yused tip speeds is the
dominant part of all noise created by _ propeller driven airplane
end have treated the problem accordin_ to the theory developed by
Gutin in reference 2. Demlng (reference 3) checked the Gutin theory
for two-blade propellers. From these checks _t was concluded that
the theory was satisfactory, at least for twe%lede propellers,
although it tended to underestimate the energy in the higher
harmonics. W_th the application of the theory t< fan-type propellers
further test work apI_eareddesirable to extend the range of experi-
mental checks against theory. Tests have therefo_e been madefor
a series of different propellers including two-blade, f_r-blade,
and seven-blede configurations.

No_sefrom airplane propellers is knownto be complex and its
breakdo_m into individual parts is difficult. The two parts that
ere considered are (1) rotational noise _nd (2) vertex noise.

Rotational noise is caused by rot_tlon of the steady pressure field

enveloping each blade, whereas vortex noise _s caused by oscillatory

disturbances in the flow s_'ound the propeller blade.

Althc_gh the _tln theory predicts sound _essures due to

rotati_ona! noise, it d<_es not provide means fo_ predicting vortex

noise or evaluating the loudness.of compl_x sounds. Measurements

of the sound _ntens_ty by electrical instruments cive 8 physical

value of its _gnit_,de]but the intensity evaiueted by the ear is

physiological and psychologicel and gives a loudness value. Two

importsnt factors that affect the loudness of fro o_ller no_se are

the presence of vortex noise and the nonlinear r,_s..cnse of the ear

to the frequency spectmun. The purpose of the present analysis is

therefore to _nvestigate the loudness of propeller noises as heard

by the ear as well as to check the _t_n theory for sound pressure
emission.

SYMB0]IS

Pl

n

roct.-mean--squere sound pressure, <vnes per squ_re

centimeter (bars)

number of blades

q harmonic of sound
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C

S

T

0

R

V

s_eed of revolution_ rad._ans per second

velocity of sound, feet per second

distance from prc_peller, feet

thrust, pounds

torque, pound-feet

angle from propeller s_is of rotat;on (zero in front)

propeller mean radius, feet

velocity of propeller section at radius i_, feet per
second

Bessel function cf order qn and ar_mJent

V
x = qn- sin

C

b

Bqn = qnJqnlqn'%-rc sin _)

%

M

Rt

A

P

PH

I

PT

b/D blade-width ratio

h/b blade-thickness ratio

blade angle, de<s_ees

blade chord, feet

tip Mach n1_mber cf bla_e (rotat:'(:u only)

Mach m_mber of section at ]9

radius of propeller to tip

area of disk with rs.di!_s R t

wower supplied t( pro_,eller, fo<_t,-pounds per second

horsepower supplied to propeller

sound-pressure level, dec!be] s

s,_mmation of harmonic so_nd l,ress_'e emissions
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D

h

y.

k

_k

bk

%-

fk

f
m

F

U

Sub scr ipt :

i

T,ro!_el].er di_:eter, feet

b!ade-_sectJ on ma_.imum thickness_ f_et

radius to a blade e].emontj feet

order of the harmonic

so,rod-pressure level of ]_h hat,non!c, aecibe]_s

maskin_ factor

loudness functi c_n

loudness of a steady complex tc:z_ehey!rag n components

freat_ency of the kth component, cycles, ver second

frequency ef the masking component,. "_cle_.,,_ y_er second

loudness level of the kth component _¢hen sounding alone

loudness level of the n_s},in Z _ne

function del:,ending on the sound-prF_csure level _k _d the

freq,_ency f_< of each comDonent (_f:_ivenin table IV

as a function of X = '_k "_ 30 io@ fk- 95)

masking coefFJcZent (_,_iven by the c_rve of fig. 12)

quantities ex_resssd in metr_c units (_3_es, centimeters,

sesond_)

SOU_) _0_ Y

FroFel].er sound c_. be considered tc c_ncist of' vortex noise

end rotationsl noise. The vortex nois__; Js ca_sod by oscillating

disturbances _ln the flow around the prol_eller blnde. Frequencies

of vortex noise form a continuous spect_m from near zero frequency

to frequencies of seve_'al thousand c$'cles i_er second, the upper limit

depending un _be roteticns! sI_eed and size of _he propeller blade

(reforence 4). These sounds d.o not reg;ster as pure tones but

combine to ireduce a "tcar[n_ Z sourd " to the observer.
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Rotational noise is caused by the rotation of the steady pres-
sure field enveloping each blade. A theory was developed by Gutin
(reference 2) with reference to these steady aerodynamic forces on
the blade. Gutin assumesthat no forces act on the air until the
blade reaches the air and that energy is imparted suddenly at each
blade passage. _ms, the air receives energy from the blade in
impulses having the shape of a square wave, which cen be resolved
into its Fourier coefficients. The frequencies of the sound pro-
duced are therefore integral multiples of the fundamental frequency
of blade passage (rotational frequency multiplied by the number of
blades).

The formula for the rotational sound yressure from an airplane
propeller at low forward speeds as developed by Gutin (reference 2)
is as follows:

= TI cos 9 + Janqn sin _- (I)
Pl 2_/__ClS] a_iV _ Cl

where pressure is given in dynes per square centimeter when all
units are in the mctric system. By substitutin_ Bqn for qnJqn(X),

V1
where x = qn c_" sin _, equetion (1) becomes

= T cos
P:  ClSI

Changing the right side of this equation to Pritish Engineering

units (feet, pounds) gives

169.3(_<_ c )Pl = _cs T cos _ + Bqn

In reference 1 sound pressures were evaluated in terms of the

propeller thrust and airplane speed. In the present 8nalysis the

formula for the sound pressure is expressed in terms of thrust

and horsepower, a form more convenient for determining sound pres-

sures from an airplan_ propeller operating at zero forward speed and

in the take-off condition.
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Multiplying the numerator and the denominator of the preceding

eq_aticn by P,t2 gives

Pl = -- __-_ cos _ + c-_Qo_ B_n

or, in terms of ti_} ],_ch number Mt and disk area

MtRt( - cO,_
T cos _ +

= • " -- "'-5 _qnPl 16 ° 3 sA oz_

A,

D

Since 0 =
-. O)J

/ k

M_11tlplying the power term by clc gives

Pl = 169.3 --_-- T cos _ +-_!_ / Bqn

Hence_

i[,1 = 169.3 -_-- T cos _ + _qn
(2)

Equation (2) is convenient for engineering use.

For the tests reT,orted herein, _ = 105 °. This particulsr

angule_ position was chosen because it is near the axis of maximum

sound pressures :for the range of rotational nois_, frequencies

messured. The value of c was taken as 1126 feet !'er second, a

value corresponding ap?roximately to test conditJ ons. It is also

assumed for all calculations that M = 0.8_,_, since this value

gives better c_:rrelatlon with experimental r,_sults than other

values used. Substitutin_ these constants :into equation (2) and

changing P to horsepower gives

Pl = 169.3 --_q.A ,26T + qn Jqn_3,77 Mtq (3)



NACA TN No. 1354

Eguatlon (3) was used in evaluating test resl_Its. The sound

pressure for any propeller may be calculated if the thrust and the
power absorbed can be determined. As calculeted by equations (2)

and (3), Pl is the sound pressure in free space. In general,

ground reflection cerises a doubling of the sound intensities at

the ground level; hence, v_lues obtained by equstions (2) and (3)

were doubled for comper_son with experimental r_sults.

From the information given in refer_-,nc65, the root<--mean-square

pressure of i d3_e rer sguare centimeter is sho_rn in reference I to
corres_c,nd to a sound level of 7_ decibels and the sound level at

a pressure Pl in dynes per square centimeter is

i = 7h + 20 lOglO Pl decibels

The total pressure of several harmonics may bc obtained by

extracting the square root of the sum of their _gusres (reference 1);
thus

PT =_Pl 2

and the total sound-pressure level in decibels is

! = 7_ + 20 loglO (4)

If atmospheric attenuation is neglected_ the sound pressure

varies Inversely es the distance (equation (1)). F_pressed in

decibels this relationship becomes

SO

where __i
sI

s 2

I_ = II - 20 lOgl0 _ll
decibels

is a ratic of the distances. For example, If II is

ii0 decibels at a distance o_ 30 feet from a propeller, the sound

_ressure 12 at qOO feet Is llO - 20 lOglo 300 or 90 decibels.
- 30
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An additional red, Jot Jon occurs as a result _f 9tnosT'heric attenuation,

the e_ount of which is kno_T1 to vary with the frequency of the sound.

For short d_stances, however_ th_s effect is s_rall.

7'PI'A_,IS A_ METHODS

Static tests for measurement _nd analysis of noiae emission

were conducted for five i_rcpe].lel_s. The !_.ro]_ellers tested were

the two-blade w0rden Sensenlch model No. 70Y_ 5 _>]_o_eller, the

two-blade NAC_ 4-(_)(06.3)-06 propeller, and the I%_CA 4-(3)(08)--03

propeller Jn tw_blade, fcu_-blade, and sew_-blade configurstlons.

The NACA designations used give a descriT,_tJon ::f the propeller blade.

Num_,ers in the first _'onp give the propellc', diameter in feet.

The first number of the second group gives the _es'gn lift coeffi-

cient, in tenths, at the (!.7 tad!us. Llade th[c)_ness to chord

ratio at the 0.7 raSJus is expressed by _hc last two dlgits of the

second grot_. The th3_-d cro]_p jives blade s<!idity, which is defined

as the ratio of a sin_].e blade width at the 0.7 r_@ius to the c_r-

cumference of a circle wi_h the same radi_s. Th_ Sensenich pro-

peller is a wooden, fixed-fitch pro!_eller , with a c:iameter of

5._ feet. All other types w_re i-fc':_t-dia_eter me_al propellers

mounted in adjustable hubs which allowed the blade angle to be

changed msnua!ly. It _hould be noted that the I_ACA 4--(3)(06.3)-06

blade and the NACA _-.(3)(C8)-03 blade have the same type of airfoil

section except for a smell difference in thick_ess _nd that the

solidity of the NACA _t--(3)(06.3)-.06 blade is _:_%_-_xJmately twice

that of the NACA 4-(3)(0_)-03 blade. Use of thuse propellers makes

it pcss__ble to _et comparable data for t_o _1_f:f,_ront solidity values.

The inclusion of the Sens_ich propeller _rovi!e_ data for a typical

l!ght-_irwlane propel!er.

B!sde-form curves for the three d!ff<_rent blades tested are

g_ven in f_gure !. qh_se given for the SencenLch p_'opeller are

only approximate since no decJgn dr_ta were evailsble and measure-

ments near the tip are difficult to make because of the Drotectlve

metal leadin_edge 6_e,rd.

A 20G-horsepower wate_-cooled varJsb!_-s,_ee@ _,lectric motor

was use4 to drive the test ?rc[:ellers. Fewer in_uts te the drive

motor in all tests were measured directly by mea_s cf a wattmeter

and these readings wore corrected by the use of mo_cr-efficiency

data to dete__m_ne the actual ]?owcr in0ut to the _ropeller. The

motor was r_g_idly mounted cn _n outdoor t,_;st sts_nd. (See
figs. 2(a) and 2(b).)
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The nearest obstructions were located at a distance of about
65 feet from the test stand. Any discrepancies due to reflections
a_'e believed to be within the ordinary range of error in measure-
ments for these tests.

A m_crcrhonewas placed at ground level to ins_re maximum
_c_-up of all frequencies and was located at a point 30 feet from
the proDeller hub and at a 15° angle behind the plane of rotation
(S = 105°). This particular _,_@_larpoeltieu was chosen because
it _s nea_ the value of _ for r_axlmumsound pressures for th_
range of sound harmonics measured (fig. l, reference 3).

A survey rake to meesure total pressure was clamped to the
mctor housing at approximately h inches behind the propellers.
The measured total pressurewas _ntegrated over the disk area
to obtain an estimate of total thrust. Thesemeasurementsare
believed to be sufficiently accurate (_25 percent) for sound cal-
culations. This error in thrust represents approximately 1 decibel
error in sound intensity.

Soundpressures and frequencies were measuredwith a Western
Electric moving-cell pressure-type m_crophone, associated ampli-
fiers, and a Hewlitt Packard WaveAlm_zzer. An electronic volt--
meter measuredtectal microphone voltage. Propeller s_nds at each
test condition were permanently recorded on disks by mesnsof
record-cutting apparatus.

Soundpress_res in dynes per square centimeter were measured
for the first five harm(,nics of the fund_ntal rotational fre-
quency for each test condition. The band width of the wave
anelyzer used was 25 cycles. Thus a chance for error existed in
measurementstaken when extraneous frequencies were within this
range. Way,analyzer and mlcrophone-voltmeter readings were
corrected for microphone frequency response.

Data were obtained at t_p Machnumbers of 0.3, 0.5, 0.7,
and 0.9 for all test conditions except as prevented by propeller
structural limitations and dr_ve--motor-current end power limita-
tions. Somedata were else taken for the Sensenich woodenpro-
wel]er at p_'opel]er rotational speeds of 2100 rpmand 2390 rpm
to simulate take-off and cguising-speed conditions. Comparative
data for someof the other types of propellers were taken at the
samerotational speeds and tip speeds as those of the wooden
propeller.

_sts of wind cause a viclent fluctuation in sound pressures
for all frequencies of the emitted noise. _asurements on the
seven-blade propeller at a 20° blade angle, taken on a dsy when
gusts were approximately _0 miles per hour, showedsound-pressure
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variations of approximately 15 decibels at all speeds of the pro-
peller. In order to obtain consistent data, tests were run only
on days whenwind velocities were low.

RESULTSANDDISCUSSION

SoundPressures

Tests were run on all models (except the two-blade wooden
Sensenich propeller) at different pitch settings to vary power
absorption at the sametip Machnumbers. Soundpressures were
measuredat various tip Machnumbersfor purposes of comparison.
Tables I and II contain all experimental data and calculated
values. The tables are useful in comparing theoretical calcula-
tions and test data for various operating conditions of the pro-
pellers tested. Valises shownfor wave-analyzer results were
obtained by a summationof the sound pressures of the first five
harmonics of the D_ndamentalrotational noise frequency as measured
by the wave analyzer. Values were also obtained by converting the
measured total microphone voltage directly to decibels after the
proper microphone calibration was applied. Calculated values
obtained from equations (3) and (4) for the first f_ve harmonics are
included for comparison with the measuredpressures. A sample
calculation illustr_tlng the use of equations (3) and (4) is
included in the section "SAMPLECALCULATIONS."

Tables I and II shcwgood agreementbetveen the measuredand
calculated values at the high Machnumbersfor neorly all test
conditions. Discrepancies exist at the low Machnumbers,for most

test couditions and _re especially large for the _ltiblade
configurations.

A comparison of the measureddata obtained by the two methods
for the sametest conditions also shews good agreement in most
cases at the high Machnumbersbut fairly large discrepancies at
the low Nhch numbers. An anelysis of the discrepancies is of
interest because of the two different methods of sound measurement.
The microphone voltage, whenconverted tc sound _ressure, gives the
summationof the entire band of frequencies emitted. Wave-analyzer
measurements, however, were madeonly at the rotational noise-
frequency peaks. There±'ore, if the vortex noise is strong compared
with the rotational noise, as is usually the case at low _ach numbers,
values determined by microphone voltage w:ll be larger than values
determined from wave-analyzer measurements.
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Oscillograph records for microphone positions at B = 0° and

B = 90° were made for sound emission from a_two-blade and a seven-

blade propeller. These records appearing in figure 3 show the dif-

ference inthe quality of sound emitted in these two different _
d_rectlons. Amplifier gains are not the s_me for all thes6

records end conseguently the amplitudes have no meaning. Some
estimate of the relative importance of the rotational nolse and
vortex noise can be _mde from a study of the records shown. The

high-frequency vortex noise is shown to be _ch stronger in front

of each propeller than in the plane of rotation. The reverse is
true of the rotational-noise component. The magnitude Of the high-

frequency component which exists in the plane of rotation is com-

paratively greater for the seven-blade propeller then for the two-

blade propeller. Observations indicate that at Mt = 0.50 for

the seven-blade propeller the rotational noise has _st begun to

dominate the vortex noise. At Mt = 0.57 for the two-blade prc-

peller, rotational noise is clearly dominant ....

Several test runs were made with the NACA 4"(3)(08)-03 pro-

peller in twc-blade, four-blade, and seven-blade configurations

and the results, from tables I and II, are sh_n in figures h, 5,

and 6. Figures h and 5 are plotted with sound-pressure levels

against tip speed and figure 6 shows sound-pressure levels plotted

against power absorbed for all three configurations. Results indi-
cate that sound-pressure levels in decibels increase approximately

as a l_nesr function of tip Mach number; the sound-pressure level

increases as more power is absorbed by the propeller. The following

table, in which power values that cannot be determined from figure

are included for convenience, illustrates measured sound-pressure-
level differences for three different blade angles of the two-blade

configuration for different tip Mach numbers and powers absorbed:

o.3
.5
.7
.9

_=5 °

I PH

(db) (hp)

79 ._9 1.0

loc.6 15.1
Ill .I 33.4

@ = i0°

I _H

(db) (hp.)

83 .h 1.4

• 93.0 8.4

105.3 27.S
117.O 68.2

e = 16.5°

I

(db)

_5.8 ....

95.9
II0._

121.6

PH ¸

(hp)

3.5

20.0

65.8
lti8.2

Figure 5 shows that, at the same tip Mach number end blade

angle, sound-pressure levels for a seven-_lade configuration are

considerably lower than for a similar two-blade confi_ration.
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Curves for the two-blade and four-blade configurations are nearly
coincident for most of the Machnumberrange, even though more
power is belng absorbed by the four-blade configuration, The
cross-over in the curves is probably due to the difference in power
absorption. A comparison of the results for the two-, four-, and
sevem_bladeconfigurations for a constant blade sngle of 16.5° is
given in the following table:

Two-blade Fou_-blade Seven-blade

0.3
.5
.7

I

(db)

85.8

95.9
110.4

PH

(hp)

3.5
20.0

65.8

I

(db)

81.9

96.9

lll.5

PH

(hp)

6.0

34 .?
llC. o

i ,,,

i
(db) (hp)

78.3 I0.7

g9.9 53.o

For equal power consumption at the same blade angle, an increase
in the number of blades was found to cause a marked decrease in the

sound-pressure levels. (See fig. 6.) A part of this difference is

due to a decrease in tip speed.

Fi_Jre 7(a) shows comparative data from table I for the

NACA 4-(3)(08)-03 two-blade propeller ezd the NACA &-(3)(06.3)-06 two-

blade propeller. Data for the NACA &-(3)(06.3) 06 propeller were

adjusted to the same tip sFeed and power absor_tlon as the

NACA 4-(3)(06.3)-06 propeller by cross-plotting the data against

blade angle. Results indicate that, for operatin_ conditions

in which equal amounts of power are absorbed at the same tip speeds,

the sound pressures are very nearly equal for the two propellers.

This result indicates that blade solidity has very little if any
effect on sound emission.

Sornd-pressure levels measured by the micre_:hone voltmeter

6able I)are plotted against horsepower in_t to the Sensenlch pro-

peller in figure 7(b). Comparative data for two other propellers

with entirely different shapes are obtained from cross plots at the

same tip speeds and power atsorption. Although good agreement was
found, no conclusion concerning blade shape can be drawn frc_ this

figure because of the differences In diameters and thrust values.

Some test results from the mlcrophon_-voltmeter measurements

of tables I and II for the two-blade and seve_-blsde propellers
are plotted in figure 8 with the corresponding theoretical curves

of total sound-pressure emission as calculated by equations (3)

and (_). At the lower Mach numbers the agreement between theory
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and experiment is better for the two-blade propeller than for the

seven-blade propeller, although, for both, the disagreement between

theory and experiment increases as the tip Mach number is reduced.

This lack of agreement is caused by the presence of vortex noise

which is not accounted for by equation (3).

Wave-analyzer measurements at low Mach numbers confirm the

presence of a wide band of frequencies of such strength, in some

instancesj that no definite rotatlonal-noise peaks exist.

Additional comparisons between theoretical calculations end

experimental results are given in figures 9(a) and9(b). For the

two-blade _nd seven-blade configurations of the NACA 4-(3)(0_)-03 pro-

peller at a blade angle of lO° and at tip Mach numbers of 0.3 and 0.9,

the plots show the variation of the harmonics of the fundamental

rotational frequency (qn) with sound-pressure level. •Th_re is good

agreement over a wide range of frequenc 2 at a tip Mach number

of 0.9, but 18rge discrepanc_e s exist at a tip Mach number of 0.3

for the same range of frequency.

Experimental results in general show that for all propellers

tested the Gutin theory is adequete for prediction of sound pres-

s'_res in the _ch number range where rotational noise is strong

compared with vortex no_se.

Loudness

Sound pressures measuredby instr?_ment in many cases do not

g_ve a true representation of the loudness of sound as evaluated

by the ear. Since the effect of sound on the ear is of prime

importance in the study of noise reduction, a brief description of

the loudness aspect of souz_ is presented herein.

Loudness is defined as the magnitudegf an auditory sensation.

Because of the nonlinear response and the physical characteristics

of the vibrating part of the hearing mechanism, sounds at certain

amplitudes and frequencies have a masking effect on other sounds.

The lower frequencies tend to mask the higher ones.

An empirical formula for calculating the loudness of complex

sounds as they would be evaluated by the average ear is given in

reference 6 as follows:

k

= k (6)
1 .'
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where

bk = "l Sd - - (7)

Figure i0, which is reproduced from reference 6, shows a chart

of loudness-level contours which has been accept6d as a stendard

for the response of the average ear to individual frequencies.

Points on the loudnes_-level contours were determined from the

observations of a large group of people. Notes cf various fre-

quencies were increased in intensity until they appesred to the

observers to be as loud as a lO00-cycle note of known intensity.

Figure lO shows that, for cases where the intensity levels remain

of the order of apFroximately 90 to 120 decibels and at the fre-

quency range of approximately I00 to lO00 cycles per second, the

ear evaluates scunds fairly accurately. As the intensity levels

decrease, more distortion Js evident with a corresponding change

in ]oudness evaluation. For a lO00-cycle note the intensity level

is zero decibels at the threshold of hesring and 120 decibels at

the threshold of feeling. Figure l0 is replotted for the range from

30 to bOO0 cycles per second in figure ll for convenience in making

calculations. Figures 10, ll, and 12, and tables IIl and IV are

reproduced from reference 6 so that two sample _n:.oblems may be

presented. (See section "SAMPLE CALCULATIONS.")

Of great current interest is the comparison of the loudness effects

obtained with mult_blade propellers with thosr obtained with con,

ventional two-blade propellers. Figure i3 illustrates the loudness

change with distance for three different propellers and for a

helicopter rotor. The helicopter data were included to provide a

comparison of the loudness effects of such configurations with

those of conventional propellers. Sound pressures were first

adjusted for distance according to the relationship given in
equation (5) and then were converted to a loudness level. No

correction for atmospheric attenuation was made.

Figure 13 shows that the advantage to be gained by adding

more blades for the same tip speed and power abcorption is small

at distances greatcr than 400 feet. For the case of 2 twc-blade

propellers operating at the same tip speed and ?ower absorption,

the one having the larger diameter tends to be less loud because

of the lower frequency. The helicopter rotor has a very low

loudness level at a distance of 30 feet and at a slightly greater

distance becomes inaudible. In general the lower f_equencies of

sound tend to have greater attenuation in loudness with distance

than do the higher ones.
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SAMPLE CALCUL_ TIONS

The following calculatio_made by use of equations (3) and (4),

is presented to illustrate the method used in obtaining the calcu-

lated wlues in tables I and II. Conditions for a typical problem

are as follows:

Propeller radius, feet ..................... 2

Tip Mach number, Mt ..................... 0.9

Thrust, T, _c_nds ..................... 307.6

Power to oropeller, PH, hcrsenower_ .......... . . . 106.4

Number of blades, n ...................... 4

Harmonic of rotatiom_l frequency, q ...... i, 2, 3, . . . etc.

Distance from propeller, L, fQet ............... 30

Evaluating equation (3) gi',es

Pl : 145 qn Jqn(X)

The function Jqn(X) is evaluated from faired curves plotted

from Bessel f1_nction tables _iven in reference 7. The steps followed

in obtaining PT are illustrated in the following table:

q

1

2

3

5

qn

4
8

12

16
i

20
!

X

_.78
5.56
8.34

11.12

13.9o

Jqn (x)

0.191

.039

.o!6

.o06

.oo_6

• I ,, ..

qn Jqn(X)

0._84

.318

.19_

.lO5

.o53

Pl

70.1

46.1
28.2

15.3

7.8
i
I

From equation (4), the value of I _s obtained as

= _ Pl 2

90.1

I = 74 + 20 lOgl0 ]?T

= 113.] decibels

A_plylng a ground-reflection correction of 6 decibels gives

I = 113.1 + 6.0

= 1].9.1 decibels
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Sam.Die calc_.11stions are nmde to illustrate the use of equa--

t;on (6) The f<,ll._wing _abulat_ on gives the total loudness of a

twc-blade prol_eller st a d_stsnce oe _O _eet.

1

2

4

fk

127

i

64.6i
6_..7.i5_
_o.I I 5"'

/. °I .

52 2510 ].0
30_0 .767
356o .3'_6

II _0_080 ._>3

2<!0

2910

l::J--

7 J /

L
n

(db ]

i

76L7 :: 69._

Ccntrlbut!cn

(percent)

32 .?

38.l
1_6.1

13.0

The first column k contains the order of' the component. The

number of blade tips passing a g_ven point L,er second is the first

harmonic, and the other harmonics are inte_r_'l multiples of it.

If the values fk snd _'k are measured d:ircct!) _, the corresponding

values of Lk can be found from figure ii] then the loudness

values Ck are foimd _n table flY. Th._ mssk2n factor bk is

determined by the use of equati,,n _7), with the a-d of figure 12

and table IV. This. f:_ctor bk can never be g're__ter than unity

and unity is used wheneve.r c_Ic_,latJons _:iv.qa hi_her va]_ue. The

component for which the va!ue_ <_f I_, fm_ _nd U introduced in

equation (7) give the smallest value of bk is _he masking com-

ponent. In general, the lower components tend t'<: mask those

directly higher. The product of' bk and C_k :dyes the relative

loudness of the ind_v__duai 'components. The sums.at_ion of all the

individual valueu of bkO k is the loudness _if the complex tone.

The corresponding loudness level Ln i's f'(.nnd from table III.

In the following table, calculations a_-__ ,_resented for a

three-blade helicopter rotor &t a distance of _0 feet to illustrate

two extremes __n the use of the loudness-icvel-n_tour chart

(fi_. n):

Harmonic, fk
k

i i_ .7

3 A!.l

oo.6 o
7 & _ 20

_6.3 o

Ok. b k

0 0

97.5 1.O

0 0

0

,7.P

o t
_}{.. : O,'_,

ICentr ibu t i on
'_ ( _r cent )

i aI 4 ,I i i i

0

lO0

0
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The frequency of the fundamental is noted to be 13.7 cycles

per second, which is inaudible. Hence, even though a large amount

of sound energy is emitted, the corresponding loudness value is

zero. The intensity level of the third harmonic is so low that at

its particulsr frequency of sound it is below the threshold of

hearing and also has a corresponding loudness value of zero. In
this particular illustration all of the loudness is contributed

by the second harmonic of the rotational frequency.

CONCLUSIONS

Sound-pressure measurements at static conditions of two-blade,

four-blade, and seven-blade propellers in the tip _ch number range

from 0.3 to 0.9 indicate the following conclusions:

1. At a constant pitch setting, the sound pressure in decibels

for a given propeller varies in an approximately linear manner with

the tip speed of the propeller for the range of test _ch number.

2. At the same t_p speed, diameter, and power absorbed; the

sound-pressure outputs of two-blade propellers are approximately

equal and are not influenced by solidity.

3. F_, the propellers tested, the Gutin theory is adequate

for the prediction of total sound pressures for the Mach number

range where rotational noise is strong compared with vortex noise,

as is the case for two-blade propellers.

&. An appreciable sound-pressure reduction can be attained for

given operating conditions by increasing the nt_nber of propeller

blades, but the reduction will be less than that predicted by

Gutin's theory when vortex noise is a large psrt of the total

noise. Vortex noise is a large part of the total noise at low tio

Mach numbers, especially for multiblade propellers and, therefore,

Gutin's formula will be inaccurate for these conditions.

• 5. In general, the lower frequencies of sound tend to have

greater attenustion in loudness with distance than do the higher

ones. As a result, for the same tip speed and power absorbed, the

seven-blade propeller tested. Js only sl_ghtl¥ less loud than a twc-

blade propeller at a distance greater than bOO feet, even t_ou_h the

difference in sound pressures is large. For the same tip speed
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and power absorbed a small reduction in loudness may be realized

by increasing the diameter.

Langley Memorial Aeronautical Laboratory
National Advisory Committee for Aeronautics

Langley Field, Va., May 7, 19_7
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TABLE I

SUMMARY OF DATA FOR TW0-BLADE PROPELLERS

Blade
angle

at

0.75R t
(deg)

Propeller
rotational

speed
(rpm)

Tip
Mach

number,

M t

I

Estfl-
mated
thrust
(Ib)

Total
Power I sound-
input pressure
to level

pro- measured
pellerlby wave

(hp)'analyzer
(db)

L

Total
sound-

pressure
level

measured

by
microphone
voltmeter

(db)

Total
sound-

pressure
level

calculated

by
formulas (3)

and (4)

NACA 4-(3)(08)-03

16.5

i0.0

5.0

12.0

1600
2680

377O
4850

16oo
268o

16oo
2680

3770
4850

16o0
2680

770
850

0._ 27.965.1
•7 177.4
.9 316.4

•3 9.1
.5 32.9
.7 61.6
•9 184.o

•3 9.3
•5 24 .I
.7 53 .o
•9 95.0

•3 18.6
•5 53.6
•7 lO4.6
•9 184.3

3.5! 79.6
20.ol 95.
65.81 111._

148.2 I 123.4

4

1._ I 78.7
8.4 1 92.6

27.8 1 107.4
68.2 I 119.3

i.o I 73.8
#.3 t 89.1

15.1 I IOi.5
33.# 1 114.3

!

3.01 77.6
12.6 I 95.1

I 38.o I 10 8 " 5I
90.G I 120.9

85.8
95.

ii0.

le1.6

83.4
93.0

105.3
117.0

i0016
III .i

80.8

]06.3
119.6

8 .8.0
III .I
123.0

71.4
89.3

103.1
117.8

6o:338_
98.9

III .8

74.1
92.6

106.5
119.5

16.5

IO .o

16oo
2680

770
3OO

NACA 4-(3)(06.3)-06

16oo
268o

377o
4300

16oo
2680

5.0 377o
4300

I IlOO

I 184o12.8 2100

[ i 2300

o. 3 41.0
•5 128.0

23o0290 .o

•3 25.8
•5 65.7
.7 156 .o
.8 195.0

• 3 7.4
.5 38.0

I .7 86 .o

I .8 118 .o

i 4.6

133.7

1.9
12.3
54.6
59.8

i.o
I 6.0

19.3
i 31.2
]

82.8
98.9

113.7
119.5

80.9
93 .I

I08.2
114.4

76.4
90.3

106.5
111.0

83.4
99.0

112.3
118.1

79.8
93.0

106.6
III .0

79.8
92 .I

lO4.4
108.9

78.3
I00.1
II0.3
120.9

75.2
93.2

107.4

113.9

68.4
87.3

I01.8
108.8

Sensenleh

•5 1143.4 ! 23.5 96.3 F 96.6 95.8
.57 1186.6 I 40.2 101.4 i 98.3 101.6
.625 225.8 57.0 105.5 103.1 105.5

.......... 1__ ............... • .................

NATIONAL ADVI SORY
COMMITTEE FOR AERONAUTICS
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TABLE II

SUMMARY OF DATA FOR FOUR- AND SEVEN-BlADE

NACA 4-(3) (08)-03 PROPELLERS

Blade
angle Propeller

rotational
at

0.75R_ I speed
(deg) _I (rpm)

Tip Esti-

Mach I mated
number, i thrust

Mt (lb)

Power Totalsound-

input pressure
to level

pro- measured
peller Iby wave
(hp ) analyzer

1 (db)

Total
sound -

pressure
level

measured

by
microphone
voltmeter

(db)

Total

sound--

pressure
level

calculated

by

formulaSand(4 )(3)

1600

25.0 2140
2300

16oo
2140

21.5 2300
2680
2780

16oo
214o

20.0 2680
3080

16oo

16.5 2680
3450

16oo
214o

12.0 2680

3770

160o
2680

I0.0 3770
4850

.43

I .........................

Seven-blade propeller

56.9
14b.q
154.2

850155.4
.43 180.o
.5 243.0

.52 250.0

724164.1

•5 227.0
.5751 296.9

l

• 238 3
[64 413 5

l_ 51.792.2
.5 146.0
.7 314.o

•3 51.5

146.8
[ 289.6

• 509.7

1600 0.3

16.5 2680 .5
770 .7
300 .8

16oo
2680 "_

I0.0 3770 .7
4850 .9

16oo .3
5.0 268o .5

22.7 82.8
61.2 87.3
79.0 90.6

19.3 76.2
48.0 80.4
61.2 83.6

99.0 92.3
II0.0 92.5

15.6 77.1

37.O 82.4
77.4 93.8

121.0 97.9

10.7 68.8
5 .o 85.0

12_.0 99.2

1_[_ 69.779.6
33.0 84.2
97.6 i01.7

4.2 63 .I
25 .o 80.1
76 .o lO1.1

169.0 120.2

Foum-blade propeller

46.5
140.5
283.0
420.6

20.4
63.6

165.6
307.6

12.3
40.7
81.4

6.0 75.8

34.2 94.3
ii0 .o iio .6

167.8 I16.8

2.3 74.2
14.4 88.2
41.4 lO5.O

106.4 120.4

1.0 2.8
7.2 _4.o

23.3 99.1

92.8

95.9

91.5
92.8
94.0

99.5
102.0

86.8
92.8

102.0

lO5.5

78.3
89.9

100.0

80.0
85.5
89.9

I01.0

75.9
88.0

I01.0
119.5

L-----

43.5
67.8
73.8
85.5
86.3

51 .I
65.8
83.5
93.6

 8.4.9
98.6

35.4

59.2
75.2

i01.2

31.2
75.0

I00.3
119 .I

81.9
96.9

ll1.5
116.4

75.9
89.0

lO5 .I
120.2

7B. 8
89 .o
99.5

65.76
90.9

II0.5

56.0
83.7

lO3.1
119 .I

49.5
78.5
97.7

NATIONAL ADVISORY
C0_tMITTEE FOR AERONAUTICS



NACA TN No. 1354 21

H

H
H

_q
v

O

cO

_q

CO

b-

_O _O

©
O

L_

0

©

r-t

,D

i

I

O

I
: i

=_- OOOOOOOOO O
C_ C_-b--_ OOOOOO

O 0r_00 O O-_'O0 O OO OO
b-0J L_ 0_-_" b- Lfh Lr_ H b-_D kD
• • • rq Oq00 OhokD

OH0_ rH L¢_ CU
rHCO ra

[" 0000000000
CO r lOJOdOd O0 00001

I._0 0400 OhCOOkDO40000
0 _ r-I C_['_ -.1- C_.-t 00

• ° • r---t cQ_-COt..O

kD r-_

0d OOOOOOOOOO
L_-_- 00kO 0d O O O O O O

0d00 OJ b- b- LC_kO LE_kO _GO O O

• - - _-IOJ_D_DrH--_

O b- t"- H-_O

Odl_O00000000
OdO OJb--._ r-t--t 000000 oooo

b-L_OOOOOOOOO
-.,_'Oq C_r-tO00_-O0 0000
.¢  000" 0 0 0 0 0

r-lOd LQOq_" b-
0q r-4 fr3_

oqLr_ooo OO OOOO
O_o b- L_OCO_D O O O O O O
O--_-'_D rl L_ C_hOO LEntO ,-t O O O O

Ot_OJ r-I Od L¢', 00q OqkO tO 0r-t Od d_Od _--t 0
Oq _-I O hCO

r-lL_ooooooooo
_Orl I_ O L¢',CO Lf_ L_O O O O O
O I._O r-t L_ OJ _O CU CO --'_ OOOO

• • • r-I CU I_Ohr-I OhiO00 OJ
O O_O O_-_ ,--IO0 Oq

CU _-t OJ b-

r-IL_L_OO O O OOO O
--r o OqI_LC_r-IL_DOOOOOO
O C_.-._ r-I._l _ L_Ohr-IO0 O O O O

• • • _--I O.I--I O',OhL_kO OCO
O r l rH _--I -'_ O_O'qD

Oa r4 O4 '_O

LE'_ Oql_O 0 00 0 000 0
Od 0 r-tOkOLD,-_l r-IO0000
0-_" OJ r-l---I 00qkO 1_-1 Lr_O 0 0

• • • _I(_-CO00 r-lb-L_Ox
0 r-I b- r l--_ O_OqO

r-I OdtD

OL_OOOOOOOO
_O kg b--OL_L_O O O O O

O O 0_LG _q C_0_ C_ O_rq O O O O

OOOOOOOOOOOOOO
rH rH OJ G"_.-.,1- LC_LO bOO Oh C r t O.

r_
0
H
E_

O
cOO

<

_o

P-t

O
C.)



22 NACA TN No. 1354

v

H

0

@
0

©

©
g-t

E
0

(1)
r-I

•.:_'_0 CO oq,--ICO 0 C_ .-_" O0

• • Q • • • • • • •

_OJ ,--I H r-I r-I r-t r-I

O_OQOQOOOO0

OJ

b-- O_L_ 0.-.,_00 0"_ 0_ 0%..-._" _-
,--I O_cO O_ C_CO CO C_,--U.-I-_O

• t • • • ,, • Q

Lf_

..... I

0

_ 0 _ _ _0_ _

O*_OOQQ_I_t

kOCO 0 _"_- D_C_O00JO0 r"4 L_
t_'- U'_.:_.-_" 00000 C_O D'_ LC_

00_-_-f 00hO00 0-_ D_r_

t._ _ Od r-t r--I r't r-t r-t J

00000000000 ]

r"l 0...I Oq....._ I.._k.iD b-CO O',rO0 I

U_

!

0
,,--'i

0

"l-

nl

0
H

0
0_0

0
0



NACA TN No. 1354 Fig. 13

Propeller

Number

of

blades

Diameter

(ft)

. NACA4-(3)(O8)-O3 2 4.O
Sensenich 2 5.8
NACA 4-(3 )(O8 _03 7 4.O

--- Helicopter rotor 3 36.0

(hp)

I at

30tt
(deci-

bels)

23.5 0.500 97.1

23.5 .5OO 96.3
23.5 .500 77.1

13o.0 .457 90.7

i00

8O

B

® 60

O

_ 4o

im

ID

0
20 V

\

o \

\

-2C
NATIONAL ADVISORY

COMMITTEE FOIt AERONAUTICS

-4o
0 200 400 600 800 i000 1200

Distanoe from 8ouroe; s , feet

Figure 13.- Comparison of distance effects on propeller
loudness.
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Figure i.- Blade-form curves for propellers tested.
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(a) Seven-blade NACA 4-(3)(08)-03 propeller mounted on
test stand.

Figure 2.- Setup at Langley sound laboratory for sound-
emission tests.
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(o) TWO-BLADE SENSENICH PROPELLER. Mt=0.57,/_=90 =.

:500 CYCLE TIMER

_,-_, I REVOLUTION --i

(b)TWO-BLADE SENSENICH PROPELLER. M t=0.57,_=0..

300 CYCLE TIMER

_= I REVOLUTION
/

(C) SEVEN-BLADE NACA 4-(3)(08)-03 PROPELLER. Mt=0.5 , 8=16.5 =, /_=90 °.

300 CYCLE TIMER

._.--_ I REVOLUTION -

(d) SEVEN-BLADE NACA 4- (3)(0B)- 03 PROPELLER. Mt=O.5,8=16.5°,B =EP.
NATIONAL ADVISORY

COMMITTEE FOIl AERONAUTICS

Figure 3.- Oscillograph records of sound emission of two- and

seven-blade propellers.
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NACA TN No. 1354 Fig. 9
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Figs. 10-12 NACA TN No. 1354
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NACA TN No. 1354 Fig. 2b

(b) Two-blade propeller mounted on test stand.

Figure 2.- Concluded.




